The adult myogenic population of stem cells, called satellite cells, initially develop in lateterm embryos. Satellite cells are the only myogenic cell that repair damaged myofibers and increase posthatch growth. The objective of the current study was to determine if incubation temperatures and time of hatch impact growth and pectoralis major (p. major) muscle morphology. Eggs were incubated at a constant 37.8
INTRODUCTION
Consumer demand for a low-fat, high-protein source has led to an increase in poultry meat consumption, especially the breast muscle (pectoralis major: p. major). Thus, commercial broilers have been selected for rapid growth, breast muscle mass, and feed conversion. At the same time, the occurrence and severity of myopathies affecting the breast muscle have increased in fast-growing lines (Velleman, 2015) . For example, wooden breast and white striping are myopathies that have increased in prevalence and affect the p. major muscle of fast-growing, commercial broilers. Wooden breast is phenotypically detected by the palpation of the breast, with affected broilers having a very hard, rigid p. major muscle (Sihvo et al., 2014) . Broilers with white striping have streaks of visible fat and C 2017 Poultry Science Association Inc. Received April 11, 2017. Accepted June 13, 2017. 1 Corresponding author: clark.2710@osu.edu connective tissue that run parallel with the myofibers in the p. major muscle (Kuttappan et al., 2013) . White striping and wooden breast are 2 distinct myopathies, but have similar histological features, including an abundance of myofiber necrosis, excessive intramuscular fat deposition, immune cell infiltration, and extensive fibrillar collagen deposition (Kuttappan et al., 2012; Sihvo et al., 2014 Sihvo et al., , 2017 Trocino et al., 2015; Velleman and Clark, 2015; de Brot et al., 2016) . The etiology of wooden breast or white striping has yet to be elucidated; however, the morphology suggests that p. major growth has surpassed the growth that can be supported by the vascular and respiratory systems (Dransfield and Sosnicki, 1999) .
Fast-growing, heavy broilers with increased p. major muscle weights have large myofibers (Dransfield and Sosnicki, 1999; Scheuermann et al., 2004 ) that create morphological challenges for optimal hypertrophic growth and meat quality. For instance, large hypertrophic muscle fibers in the p. major muscle restrict the amount of endomysial and perimysial connective tissue space, which restricts the available space for 4085 vascularization and capillary support (Wilson et al., 1990; Hoving-Bolink et al., 2000; Velleman et al., 2003) . Adequate blood supply is needed for the delivery of nutrients and endocrine factors, and for the removal of metabolic waste products such as lactic acid, an end product of anaerobic respiration. A reduction in capillary support will therefore disrupt homeostasis, increase oxidative stress, and reduce the physiological pH of the muscle caused by lactic acid retention. Therefore, increasing muscle growth at the expense of muscle morphology will have detrimental consequences on meat quality and may induce myopathic conditions.
Muscle morphology is first established during embryogenesis, as muscle fiber formation is complete at the time of hatch (Smith, 1963) . However, muscle morphology changes with post-hatch, hypertrophic growth, which occurs through the enlargement of individual muscle fibers. Satellite cells are the only cell source that can contribute to post-hatch hypertrophic growth by fusing with existing myofibers and donating their nuclei (Moss and LeBlond, 1971) . Satellite cells are initially formed on embryonic d 10 and increase in number throughout late embryogenesis (Hartley et al., 1992; Stockdale, 1992) . Satellite cells are also most active immediately after hatch, and their activity decreases with age (Halevy et al., 2000; Mozdziak et al., 2002) . By 2 wk of age, the satellite cell population becomes largely quiescent and is activated only by stimuli that promote hypertrophic growth or initiate the regeneration of injured muscle (Moss and LeBlond, 1971; Snow, 1977) . Environmental conditions that impact satellite cell development or activity can have long-lasting effects on muscle growth. Piestun et al. (2009a; , showed that short daily increases in temperature during late incubation, when satellite cells are formed, can increase post-hatch satellite cell number. In addition, satellite cell activity can also be altered by the time of hatch (Powell et al., 2016) . The hatching process of commercial chicks is highly synchronized, especially when the chicks are from the same genetic line. However, the elapsed time from the point when the first chick hatches to the last chick may still range between 24 and 36 hours. Therefore, some chicks are exposed to high hatcher temperatures and conditions for many h, while others are exposed to lower temperatures and given access to feed and water soon after they hatch. Chicks that emerge from the shell early in the hatching window are associated with accelerated muscle development, as they have increased body, carcass, and p. major muscle weights and larger myofiber diameters compared to chicks that emerged later in the hatching window (Powell et al., 2016) . Thus, the present study was aimed at determining the effect of incubation temperature during the period of maximal satellite cell proliferation and hatch time on p. major muscle morphological development, p. major muscle mass accretion, and overall growth characteristics. 
MATERIALS AND METHODS

Egg Incubation Treatments and Chicks
Eggs from a high-yielding, pure-broiler line were placed in 16 trays (165 eggs per tray) within 3 different single-stage setter/hatcher combination machines (ChickMaster Model A1-165, Medina, OH) to test the effects of 3 different incubation temperature treatments (7,920 eggs total). Trays were placed in a block starting with slot 3 and ending with slot 10 in each of 2 16-tray columns. Eggs not used in this trial filled the remaining slots to ensure proper function of the machines. The first setter (control) was programmed to maintain a target temperature of 37.8
• C and 53 to 56% relative humidity through embryonic d 18. The second and third setters were programmed to maintain a target temperature of 37.8
• C and 53 to 56% relative humidity through embryonic d 13. Starting on embryonic d 14, ambient temperature and relative humidity were increased to 39.5
• C and 65% for 3 and 12 h per d in the second and third setter, respectively, based on the procedure of Piestun et al, (2009a Piestun et al, ( , 2011 . On embryonic d 19, the eggs were transferred to hatcher trays within the same machine, and the ambient temperature was stepped down to 36.4, 36.0, and 35.8 • C on embryonic d 19, 20, and 21, respectively. Setter temperatures were monitored and recorded using the CMaestro ChickMaster software program. In addition, radio controlled temperature loggers [Tinytag Gemini Data Loggers (UK) ltd, Chichester, West Sussex, England] were attached with putty to the equator of 8 eggs of similar size within each machine to monitor eggshell temperature (Figure 1 ). The eggs chosen for eggshell temperature monitoring were checked daily for viable embryos. Tinytags were switched to an egg with a viable embryo, if necessary. Eggs were pre-warmed for 11 h at 23
• C before the incubation period began. Due to the effect of temperature on hatch time, the 3 h and 12 h heat treatments were, respectively, set 2 and 6 h after the control incubation treatment was initiated. Set start times were staggered because heat is known to accelerate embryogenesis and reduce incubation time. The different set start times allowed for the chicks to hatch at approximately the same time. On embryonic d 11, 6 egg trays (165 eggs per tray) from each machine were weighed for moisture loss. Candling also occurred on d 11, and 7.7% of the eggs that were set were found to be infertile. The location of Tinytags, moisture loss, candling, and hatch debris trays were the same for all 3 machines. To determine the effect of hatch time, the head of each chick was colored with different markers to distinguish those that hatched early, mid, and late. The control, 3 h, and 12 h machines were, respectively, opened at 492, 493, and 492 h of incubation, and only dry chicks were counted as early. Chicks that were newly emerged and wet were counted as mid. The final counts for the control, 3 h, and 12 h machines were, respectively, at 505, 506, and 504 hours. All remaining chicks that were not previously marked were considered late at the final count. Pipping chicks were not considered as hatched at any of the counts. Chicks were counted and weighed by group (early, mid, and late) and treatment (control, 3, and 12 h) at the final count. In total, 84.5, 83.3, and 79.5% of the chicks hatched from the 0 h, 3 h, and 12 h incubation treatments, respectively. Unhatched eggs also were examined for time of embryo death and malposition. Expressed as a percent of the total number of fertile eggs set, 13., 14.5, and 18.2% of the embryos expired before pipping or during the pipping process from the 0 h, 3 h, and 12 h incubation treatment groups, respectively. There was no statistical difference for the number of chicks that hatched from fertile eggs for any of the treatment groups.
The frequency and length of time the machines were opened was limited. The best estimates of when to open and count the chicks were used. However, there was not a perfect distribution of 25% early, 50% mid, and 25% late. The chicks that hatched within the first 20% of each treatment were considered to be early, the chicks within the next 25% were considered to be mid hatch, and the last 55% of the chicks to hatch were considered to be late.
Immediately after hatch, chicks were sorted by quality and vent-sexed. Twenty-three males from each incubation temperature treatment (0, 3, and 12 h) and time of hatch (early, mid, and late) combination were placed in 6 replicate pens (1,242 chicks total). At hatch, each chick was administered a subcutaneous injection of the following viral vaccines: full dose of a Marek's with an antibiotic, one-half dose of reovirus, full dose of infectious laryngotracheitis, and a full dose of a fowlpox. In addition, each chick was administered, via a spray cabinet, one-half dose of a Newcastle and bronchitis vaccine and a full dose of a coccidiosis vaccine. At 14 d, a full dose booster of Newcastle and bronchitis vaccine was sprayed in the pen trial house.
Bird Management and Records
Birds were housed in concrete floor pens (approximately 2.8 m 2 ) containing new wood shaving litter at the commencement of the trial within an environmentally controlled facility. The number of birds per pen was less than or equal to the density (41.5 kg/m 2 ) stipulated by the National Chicken Council welfare guidelines (National Chicken Council, 2014) for the duration of the trial. Throughout the first 7 d after hatch, birds were subject to 23 h of light (2.5 ft candles) and then 18 h of light (10.8 lux) for the remainder of the study. Ambient temperatures were controlled as follows: 31 to 29
• C for wk 1, 29 to 27 • C for wk 2, 27 to 24
• C for wk 3, 24 to 22
• C for wk 4, 22 to 21
• C for wk 5, 21 to 20
• C for wk 6, 20 to 18
• C for wk7, and 18
• C for wk 8 and 9. Ambient temperature was measured 15 cm above the head of the chickens. Ad libitum access to water was provided throughout the trial via individual nipple drinker lines, and a mini-drinker was in each pen throughout the first 7 d after hatch. Broilers were given ad libitum access to a standard starter diet from 0 to 14 d, a grower diet from 14 to 28 d, and a finisher diet from 28 to 63 d. All diets were non-medicated. The diets followed the Aviagen Manual Specifications for a broiler reared to 64 d (Aviagen, 2014) . The diets were non-medicated, meaning they did not contain a coccidiostat or antiobiotics. Feed was accessed throughout the study from a single 33 cm tube feeder located in the center of each pen. Additionally, chick feeder trays were placed in each pen throughout the first 7 d after hatch. Body weights were measured on 0, 3, 5, 7, 14, 28, 41, 47 , and 63 d of age by bulk weighing. The average body weight of each pen was calculated by dividing the total weight of all the birds within the pen and by the number of birds within the pen. Residual feed was weighed on 7, 14, 28, 41, 47, and 63 d of age. Period livability was calculated as the percentage of unviable to viable birds between weighing.
Processing
Three replicate pens were randomly selected for each treatment combination to evaluate processing and meat quality characteristics. Birds within the selected pens were individually wing banded approximately 24 h prior to processing, and feed was removed from pens approximately 12 h before processing. Birds had access to water during the 12 h feed removal. Birds were then transported to the processing plant, which included a transit distance less than one mile. All data collected on each bird at the processing plant were recorded to an individual wing band number. Final individual body weights were measured upon arrival at the processing plant. Birds were stunned, exsanguinated, scalded, and plucked according to standard commercial operating procedures. The carcasses were eviscerated and air chilled for approximately 24 h before further processing. Chilled carcass, abdominal fat pad, left p. major, and left p. minor weights were obtained. Empty carcass weight was defined as the weight of the carcass without viscera, giblets, or the fat pad. The p. major and p. minor muscles were removed from the left side of the carcass and multiplied by 2 to calculate total p. major and p. minor meat yield.
Meat Quality
Fifteen min after exsanguination, an initial pH was taken using a portable pH meter (Model HI98249, Hanna Instruments, Padova, Italy) equipped with a glass-tipped pH probe (FC201D, Hanna Instruments, Padova, Italy) at an anteroventral location of the p. major muscle. Approximately 20 h after exsanguination, the p. major muscle was removed from the carcass and an ultimate pH was obtained as previously described. At the same location, breast color was measured using a Minolta Colorimeter (CR-310, 50 mm diameter orifice, 10 standard observer, light source; Minolta Company, Ramsey, New Jersey), that captured L * , a * , and b * values. The L * value was a measure of lightness (higher numbers indicate a lighter color), a * was a measure of green to red, and b
* was a measure of blue to yellow.
Pectoralis Major Muscle Morphology
Immediately after evisceration, the skin was removed to reveal the anterior portion of the p. major muscle. Histological samples were excised from the p. major muscle as described by Velleman et al. (2003) . In brief, a sample of approximately 0.5 cm wide, 0.5 cm deep, and 3 cm long was taken parallel to the orientation of the muscle fibers. To prevent contractile effects, the ends of the sample were tied to a wooden applicator stick before the sample was removed. After removal, the samples were placed in 10% (vol/vol) buffered formalin fixative pH 7.0. Samples were then transported to the laboratories of Drs. Sandra Velleman and Daniel Clark at The Ohio State University/OARDC in Wooster, Ohio, and stored at 4
• C. Histological samples were dehydrated in a graded series of dilute ethanol and cleared in Pro Par Clearant (Anatech, Battle Creek, MI). The samples were then paraffin embedded as described by Jarrold et al. (1999) , cross sections were cut at 5 μm, and sections were mounted on Starfrost Adhesive slides (Mercedes Medical, Sarasota, FL). Each slide contained 4 serially sectioned samples, which were stained with hematoxylin and eosin according to the procedure of Jarrold et al. (1999) .
Photomicrographs were captured with CellSens Imaging software (Olympus America, Mellville, NY) on an Olympus IX70 fluorescent microscope (Olympus America) and QImaging digital camera (QImaging, Burnaby, BC, Canada). Four representative photomicrographs were taken from each sample at 100X and 200X magnification. The slides containing the 4 serial sections also were evaluated by 3 trained panelists that scored the sample for overall morphological quality based on the methods of Velleman et al. (2003) . Briefly, samples were assigned a whole-number score on a continuum between 1 and 5. A score of 1 indicated a sample with ample perimysial and endomysial connective tissue spacing, distinct healthy myofibers, and negligible immune cell infiltration. Samples with limited or no perimysial and endomysial connective tissue space, and excessive myofiber degradation and necrosis were given a score of 5. In addition to overall morphology scores, trained panelists also assigned the samples a microscopic myopathy score based upon the severity of necrotic and fibrotic attributes as described by Clark and Velleman (2016) . Excessive connective tissue accumulation, high levels of immune cell infiltration, and myofiber necrosis are associated with common myopathic conditions, such as wooden breast and white striping. Therefore, in accordance with grossphenotypic scoring methods of the breast muscle, samples were assigned a whole-number score on a continuum between 0 and 3. A score of 0 was given to samples that contained no features consistent with fibrotic or necrotic myopathies. A score of 3 was given to samples with severe necrotic and fibrotic attributes. In addition, the diameter of 20 myofibers from 2 200x photomicrographs were measured from each sample. Image Pro software (MediaCybernectics, Bethesda, MD) was calibrated and used to measure myofiber diameters as described by Clark and Velleman (2016) . In addition to the average myofiber diameter, the percentage of myofibers with a diameter less than 10 μm and the percentage of fibers with a diameter greater than 70 μm were determined as described by Clark and Velleman (2016) .
Statistical Analysis
Growth Performance. Growth performance data, including live body weight, average daily gain, feed efficiency, and livability, were collected from 6 pens per treatment combination. The only exception was that 63-day live body weights were collected only on the broilers that were processed (3 pens per treatment combination). Pens were arranged such that one pen representing each treatment combination were grouped together within a common location in the barn. Each group of pens was considered a random block, while pen was considered the experimental unit. Treatments were arranged in a 3 by 3 factorial arrangement with the main effects of hatch time, incubation temperature treatments, and the interaction and analyzed as a 2-way ANOVA in the mixed procedure of SAS (2010, SAS Institute Inc.). Least square means were estimated with the LSMEANS procedure in SAS and separated with the PDIFF option and a Tukey adjustment. Differences were considered statistically significant with a P-value ≤ 0.05.
Processing Traits and Meat Quality Parameters. All broilers from 3 randomly chosen blocks (27 total pens) were slaughtered and processed. Pen was considered the experimental unit. Treatments were arranged in a 3 by 3 factorial arrangement with the main effects of hatch time, incubation temperature treatments, and the interaction and analyzed as a 2-way ANOVA in the mixed procedure of SAS (2010, SAS Institute Inc.). Block was also included as a random variable in the model. Least square means were estimated with the LSMEANS procedure in SAS and separated with the PDIFF option and a Tukey adjustment. Differences were considered statistically significant with a P-value ≤ 0.05.
Morphological Assessment. The incidence and severity of morphological attributes consistent with myopathic muscles were analyzed based upon the prevalence within an experimental unit, which was considered to be pen. These data were expressed as a percentage of the population and therefore were analyzed using the Genmod procedure of SAS (2010, SAS Institue, Inc.). The average morphological score and fiber width were analyzed using the mixed procedure of SAS. Treatments were arranged in a 3 by 3 factorial arrangement with the main effects of hatch time, incubation temperature treatments, and the interaction. Least square means were estimated with the LSMEANS procedure and separated with the PDIFF option. Differences were considered statistically significant with a P-value ≤ 0.05.
RESULTS
Growth Performance
No significant interaction effects were found; therefore, only the main effects of hatch time and incubation treatment are reported for all growth-related data. Hatch time did not impact (P ≥ 0.06) body weight, average daily gain, feed efficiency, or period of livability at any time between 0 and 48 d of age (Tables 1-3 ). At 63 d of age, the early hatch broilers had a mean body weight at least 2.2% higher (P < 0.01) than the mean body weight of the birds that hatched in the mid or late groups. Late hatch broilers also had a significantly lower (P < 0.01) overall gain to feed ratio compared to both the early and mid hatch birds; however, the magnitude of the difference was only 0.01 g gain/g feed.
The 12 h incubation treatment birds had a significantly lower (P < 0.01) body weight at all weighing times throughout the study, compared to both the 0 and 3 h incubation treatments (Table 1) . There was one exception at 3 d of age, when the body weights of the broilers from the 12 h incubation treatment were not significantly different from the 0 h incubation treatment. By 63 d of age, the broilers from the 12 h incubation treatment had a mean body weight that was at least 2.9% less (P < 0.01) than both the 0 and 3 h incubation treatments. There were no differences in body weight between the 0 and 3 h incubation treatment at any sampling time. Average daily gain between 0 and 3 d and between 7 and 41 d was reduced (P < 0.01) in the broilers of the 12 h treatment group compared to birds from both the 0 and 3 h incubation treatments (Table 2) . Average daily gain between 41 and 62 d of age was not different (P ≥ 0.84) among incubation treatments. Overall feed efficiency was significantly increased (P = 0.05) in the broilers from the 12 h incubation treatments compared to the 0 h treatment (Table 3) ; however, the magnitude of the difference was minimal. Livability was greater than 99.9% for all treatments and was not impacted (P ≥ 0.06) by incubation treatment.
Processing Weights and Yields
No significant interaction effects were found for the processing weights and yields; therefore, only the main effects of hatch time and incubation treatment are reported. Carcass weight and empty carcass weight were higher (P < 0.01) in the early hatch broilers compared to both the mid and late hatch broilers (Table 4 ). There were no significant hatch time (P ≥ 0.13) effects on carcass yield or fat pad weight. The p. major muscle was heavier (P < 0.01) from broilers that hatched early compared to broilers that hatched in the mid and late groups. There was no effect of hatch time (P = 0.15) on the weight of the p. minor muscle. When expressed as a percentage of empty carcass weight, there were no differences (P ≥ 0.07) in the yield of the p. major or p. minor muscles from broilers of different hatch times.
The broilers in the 12 h incubation treatment had a lower (P < 0.01) carcass weight and empty carcass weight compared with broilers in the 0 and 3 h incubation treatments (Table 4 ). There were no significant effects of incubation treatment (P ≥ 0.07) on carcass yield, fat pad weight, or p. major weight. There was no effect of incubation treatment (P = 0.26) on the weight of the p. minor muscle. When expressed as a percentage of empty carcass weight, there were no differences (P ≥ 0.07) in the yield of the p. major or p. minor muscles as a result of different incubation treatments.
Meat Quality
No significant interaction effects were found; therefore, only the main effects of hatch time and incubation treatment are reported for all meat quality parameters. (0 h) were incubated at a control temperature (37.8
• C) for the duration of incubation and compared to birds incubated at a higher temperature (39.5
• C) for either 3 h or 12 h each d between embryonic d 14 and 18. 3 Pooled standard error of the mean (SEM) was reported. 4 Expressed as a percentage of live weight immediately prior to slaughter. 5 Expressed as a percentage of empty carcass weight. 6 Empty carcass weight is the weight of the chilled carcass approximately 20 h after slaughter with the visceral contents, giblets, and fat pad removed.
7 Left pectoralis major (p. major) and pectoralis minor (p. minor) muscles were excised from the carcass and weighed. The individual muscle weight was then multiplied by 2 and reported as an estimate of total muscle weight. Least square means within a main effect (time of hatch or incubation treatment) without a common letter are significantly different (P ≤ 0.05). 1 Chicks that hatched in the first 20% (early), the next 25% (mid), or the last 55% (late) of the hatch. 2 Control broilers (0 h) were incubated at a control temperature (37.8
• C) for either 3 h or 12 h each d between embryonic d 14 and 18. 3 Pooled standard error of the mean (SEM) was reported. 4 Initial pH of the p. major muscle was obtained approximately 20 min after exsanguination. The ultimate pH of the p. major muscle was evaluated approximately 20 h after exsanguination.
5 L * is a measure of lightness (higher values indicate a lighter color); a * is a measure of red/green (a more positive number is indicative of a more red color, while a negative value indicates a more green color); b * is a measure of yellow/blue (a more positive number describes a more yellow color, while a negative value indicates a more blue color).
The time of hatch did not impact initial pH (Table 5) of the p. major muscle (P = 0.30). The p. major muscle from broilers that hatched early had a significantly higher (P = 0.02) ultimate pH compared to the mid and late hatch broilers. Additionally, the early hatched broilers had a p. major muscle with a higher (P < 0.01) b * value compared to the mid and late hatch broilers. There were no differences (P ≥ 0.10) in the p. major L * and a * values between the early, mid, and late hatch groups. Initial pH, ultimate pH, and color were not impacted (P ≥ 0.16) by the incubation treatments.
Pectoralis Major Muscle Morphology
No significant interaction effects were found for the morphological analyses; therefore, only the main effects of hatch time and incubation treatment are reported. Broilers from the early hatch group had lower (P = 0.01) morphology scores, which is an indication of poorer muscle morphology and minimal endomysial or perimysial connective tissue space compared to that in the mid hatch group (Table 6 ). The overall morphology score of the p. major muscle was not different (P = 0.26) among the different incubation treatments. Additionally, average fiber width was not different (P > 0.41) among the incubation treatment groups or the different times of hatch. However, the 3 h incubation treatment did have an increased (P = 0.02) percentage of small, presumably regenerating, myofibers that were less than 10 μm compared to the 12 h treatment. Figure 2 (A through D) contains representative images that show the morphological structure of the p. major muscle with microscopic myopathy scores of 0, 1, 2, and 3. Samples with a microscopic myopathy score of 3 had extensive fibrosis, immune cell infiltration, and a high prevalence of necrotic and degrading myofibers. The late hatch group reduced (P = 0.01) the incidence of p. major muscles with a score of 2 and increased (P = 0.01) the number with a score 1 compared to the Table 6 . Effect of hatch time and incubation treatment on morphology score and fiber width of pectoralis major muscle from male broilers. early hatch group (Table 7) . The mid hatch group had a greater percentage (P = 0.04) of p. major muscles with a score of 0 compared to the early hatch group. Additionally, the severity of the microscopic myopathy score was reduced by the 12 h incubation treatment, such that the 12 h incubation treatment decreased (P = 0.05) the percentage of p. major muscles with a score of 2 and increased (P = 0.04) the percentage of muscles with a score of 1 compared to the control.
DISCUSSION
Incubation Temperature
Increasing incubation temperature is an established procedure for improving myogenesis and post-hatch muscle growth (Halevy et al., 2006; Piestun et al., 2009a Piestun et al., , 2011 Piestun et al., , 2013 Piestun et al., , 2015 . In addition, thermal manipulation during incubation can improve thermotolerance a,b Least square means within a main effect (time of hatch or incubation treatment) without a common letter are significantly different (P ≤ 0.05). Values are presented as the mean percentage calculated from the incidence within each pen (replicate).
1 Chicks that hatched in the first 25% (early), the next 25% (mid), or the last 55% (late) of the hatch. 2 Control chicks (0 h) were incubated at a control temperature (37.8
• C) for the duration of incubation and compared to chicks incubated at a higher temperature (39.5
• C) for either 3 h or 12 h each d between embryonic d 14 and 18. 3 Maximum standard error of the mean (SEM) was reported for each of the myopathy scores. 4 Microscopic myopathy score were assigned to each sample based upon the severity of necrotic and fibrotic attributes, such as excessive connective tissue accumulation, high levels of immune cell infiltration, and myofiber necrosis.
of high-yielding, heavy broilers, which produce more endogenous metabolic heat, especially in warmer climates (Yahav et al., 2004; Collin et al., 2005; Piestun et al., 2008a Piestun et al., ,b, 2009b Piestun et al., , 2011 Al-Zhgoul et al., 2013) . The effects of thermal manipulation on post-hatch muscle growth have largely been attributed to changes in satellite cell activity (Piestun et al., 2009a) . Satellite cells first appear in fetal muscle on embryonic d 10 and increase in number up to hatch (Hartley et al., 1992; Stockdale, 1992) . Piestun et al. (2009a Piestun et al. ( , 2015 showed that higher incubation temperatures during later stages of embryogenesis, when satellite cells are being formed, significantly increase satellite cell proliferation. In ovo changes to satellite cell proliferation can have long-lasting effects on skeletal muscle growth, as satellite cells are the only cellular source of myonuclear DNA during post-hatch hypertrophic growth (Moss and LeBlond, 1971) .
The results from the current study demonstrated that increased incubation temperature from 37.8 to 39.5
• C for 12 h per d during late incubation reduced the severity of microscopic features that are present in many myopathies common to the broiler industry (Velleman and Clark, 2015; Clark and Velleman, 2016) . The level of myopathic severity and degree of muscle degeneration have a significant negative impact on meat quality and processing characteristics (Soglia et al., 2016) . Mazzoni et al. (2015) showed that the degree and severity of myofiber degeneration caused a reduction in many processing characteristics, including marinade uptake and processing yield. Therefore, an increase in incubation temperature for 12 h per d during late embryogenesis may be considered as a feasible management strategy to improve meat quality and processing functionality.
The 12 h incubation treatment also reduced body weight and p. major muscle weight at the time of slaughter. This was an unexpected finding, as previous studies have reported an increase in muscle growth (Piestun et al., 2009a (Piestun et al., , 2013 Al-Zhgoul et al., 2013) or no statistically significant difference (Collin et al., 2005; Piestun et al., 2011) in response to elevated temperatures during late embryogenesis. The underlying cause for the reduction on p. major muscle growth and body weight was not elucidated in this study, but may be associated with a variety of factors, including diet, post-hatch processing, environmental interaction, or other stimuli. Additionally, embryos transition from an ectothermic to endothermic thermoregulatory system during late embryogenesis (Yahav, 2015) . Similar to the results reported in the current study, Yahav et al. (2004) concluded that thermal manipulations should be applied at moderate levels to reduce undesirable effects on hatchability and muscle growth.
The more moderate temperature treatment of 3 h per d, did not have a statistically significant effect on the prevalence of microscopically detectable myopathies in the p. major muscle. However, the severity of the observed myopathies was reduced in the 3 h incubation treatments. There were also no adverse effects of the 3 h incubation treatment on growth or other meat quality parameters. Further studies are needed to determine an optimal temperature that will improve muscle morphology without negatively impacting muscle growth.
Time of Hatch
The time of hatch and access to feed after hatch are also critically important for neonatal muscle growth and development (Noy and Sklan, 1999; Halevy et al., 2000; Bigot et al., 2003; Kornasio et al., 2011; Lamot et al., 2014; Powell et al., 2016) . In a commercial setting, chicks commonly hatch within a 24-to 36-hour time period, and then all chicks are removed from the hatcher once the vast majority have emerged from the shell. Therefore, early hatching chicks are kept at the hatching temperatures for a longer period of time and deprived of food until all the chicks are processed and placed in a growing facility. At the same time, satellite cells are at their maximal level of activity immediately after hatch (Halevy et al., 2000; Mozdziak et al., 2002) . Numerous studies have shown that feed deprivation negatively affects satellite cell activity during the immediate post-hatch period (Halevy et al., 2000; Velleman et al., 2010; Li et al., 2012; Powell et al., 2013 Powell et al., , 2014 Velleman et al., 2014) . Therefore, the time of hatch and its effect on post-hatch muscle growth, muscle morphology, and meat quality also was investigated.
In agreement with Powell et al. (2016) , muscle development was accelerated in the early hatched chicks, and consequently they had increased body, carcass, and p. major muscle weights compared to the mid and late hatch groups. However, early hatch broilers also had more severe microscopic myopathy scores than either the mid or late hatch broilers. The higher severity and incidence were likely caused by a reduction in the endomysial and perimysial connective tissue spacing, which was reflected in the decreased overall morphology score of the early hatch broilers. A reduction in the endomysial and perimysial connective tissue space has been shown to restrict the vascular supply within muscle (Dransfield and Sosnicki, 1999) . This reduction will limit the available space for capillaries and thereby limit incoming nutrients and hinder the removal of heat and metabolic waste products, such as lactic acid (Bangsbo et al., 1991) . The accumulation of lactic acid will reduce the physiological pH of the muscle and lead to muscle fiber degeneration and necrosis associated with fibrosis (Velleman et al., 2003) . This is supported by Mutryn et al. (2015) who demonstrated an alteration in the expression of genes associated with oxidative stress and localized hypoxia by transcriptome analysiss. The oxidative stress is likely associated with the onset and progression of myopathies such as wooden breast and white striping.
CONCLUSION
The present study demonstrated that incubation temperature and time of hatch can impact the morphological characteristics of the p. major muscle in market weight broilers. The 12 h incubation treatment reduced the severity and occurrence of myopathies in the p. major muscle compared with the control. Additionally, the chicks that emerged from the shell early in the hatching window had a higher prevalence of moderate to severe degenerative changes compared to those that hatched later in the window. Further research is needed to determine how incubation treatment impacts the post-hatch morphology of the p. major muscle. Such information can be used to create new management strategies to improve muscle morphological structure, meat quality, and processing characteristics without reducing muscle growth and meat yield.
